INTRODUCTION
The genetic factors that determine our individual susceptibility to complex disease traits have proved difficult to localize despite significant research effort. Gene effects are likely to involve multiple susceptibility loci of individually modest magnitude, limiting the application of linkage analysis. The candidate gene approach has been widely used to analyse possible associations between genetic variants and disease outcome, with selection of genes based on a priori knowledge of disease pathogenesis. However, both linkage analysis and association studies typically leave open the question of whether a disease-associated genetic variant is functionally important or serving only as a genetic marker with the functional locus co-inherited on the polymorphic allele.
Most genetic variation comprises single base changes in the DNA sequence, known as single nucleotide polymor-phisms (SNPs), occurring approximately once every 1000 nucleotides [1, 2] (Figure 1 ). Where this occurs in coding DNA, the implications may be readily apparent as a change in the amino acid make-up of the translated protein [3] . Even where the polymorphism remains silent at the protein level, as in the case of synonymous mutations, the effect of the polymorphism can be assayed at the level of mRNA. This is based on the fact that when a polymorphism occurs in coding DNA it will be present in the transcribed mRNA, allowing the relative abundance of the two alleles in cells from an individual heterozygous for a given SNP to be assayed. In contrast, assaying the functional effect of polymorphisms occurring in non-coding DNA is more problematic. Here, most attention has focused on SNPs occurring in putative regulatory regions in which a base change in the DNA sequence may affect the process of gene expression. Polymorphisms occurring in promoter regions upstream
Figure 1 Example of an SNP comprising a G A substitution
Electropherograms produced by fluorescence-based sequencing using an ABI 3700 showing the genomic DNA from an individual homozygous for G at the site of the SNP (a) and an individual homozygous for A (b). The base substitution is denoted by an arrow.
of genes may potentially affect the process of transcription whereby RNA polymerase, the enzyme responsible for transcribing the DNA into mRNA, is recruited to the gene and the nascent mRNA synthesized. This complex process requires the co-ordinated action of multiple regulatory proteins through complex protein-DNA and protein-protein interactions [4] . Variation in the DNA sequence may potentially alter the affinities of existing protein-DNA interactions or, indeed, recruit new proteins to bind to the DNA, altering the specificity and kinetics of the transcriptional process [5] [6] [7] [8] .
Analysis of putative functional SNPs in regulatory regions has focused on techniques which assay protein-DNA interactions, such as DNA footprinting and gelshift assays, and on those measuring gene expression, such as reporter gene experiments [9, 10] . However, such methods provide predominately in vitro evidence of the potential effects of a change in DNA sequence on gene expression. The process of control of gene expression operates at many levels, not least of which is the chromatin structure within which DNA is packaged and whose particular state of modification profoundly affects accessibility to regulatory transcription factor proteins and thus levels of expression. Thus, while important insights into potential modulation of gene expression may be gained using in vitro techniques, it is only by analysis of SNPs in their natural in vivo context that it is possible to gain a clear appreciation of their biological importance. Furthermore, not only is it important to investigate the consequences of DNA sequence variation within the naturally occurring milieu of transcriptional machinery, but also in the context of the naturally occurring haplotype within which the SNP occurs. It is the analysis of the naturally occurring combination of polymorphisms on a given allele that may, in turn, reveal their true biological significance.
In this paper, I will outline some of the experimental approaches used to define the functional significance of genetic polymorphism and illustrate these using examples from the published literature and through work on SNPs in the promoter region of the TNF gene, the gene encoding tumour necrosis factor. The clinical significance of this work lies in identifying candidate functional SNPs that may have a role in determining disease susceptibility. An increasing amount of genomic information is now available with large numbers of SNPs in the public domain through SNP discovery efforts such as the SNP Consortium [2] . While this facilitates fine mapping of regions by providing increasing numbers of markers for linkage disequilibrium mapping, it also highlights the current need for more research effort in defining the functional relevance of polymorphisms, so that this can be used either to allow a rational choice of SNPs for inclusion in genetic epidemiological studies or to aid the interpretation of apparent disease-associated SNPs.
APPROACHES IN DEFINING FUNCTIONAL EFFECTS OF POLYMORPHISMS IN NON-CODING DNA

In vitro assays of protein-DNA interactions
A typically postulated mode of action whereby DNA sequence variation may exert a functional effect on gene regulation is through an effect on protein-DNA interactions. Regulatory transcription factor proteins show a high degree of specificity in their DNA-binding domains for the DNA sequence to which they will bind. This consensus DNA sequence is typically 5-8 nucleotides in length and specific to a given family of transcription factors ; for example, members of the octamer (Oct) family of transcription factors recognize the DNA sequence ATGCAAAT [11] . The DNA sequence corresponding to the two allelic forms of a given SNP can thus be inspected for its inclusion of any potential consensus binding motifs, for example, derived using online transcription factor databases, e.g. the TRANSFAC transcription factor database (http:\\www. generegulation.de\). Quantitative models predicting the effects of SNPs on the binding affinity of a transcription factor for the DNA-binding motifs have been developed, for example, for the important regulatory transcription factor nuclear factor κB (NF-κB) [13] .
The electrophoretic mobility-shift assay (EMSA ; gelshift assay) [14] provides a comparatively simple, rapid and extremely sensitive technique for studying protein-DNA interactions in vitro. In this technique, short DNA sequences are synthesized, typically 20 nucleotides in Functional implications of genetic variation in non-coding DNA (a) The binding site of interest is synthesized as a short radiolabelled DNA probe which can be used to identify both known and novel factors binding to the candidate region. Once bound to DNA, a protein-DNA complex is stabilized when subjected to non-denaturing PAGE, allowing resolution of protein-DNA complexes as discrete bands. (b) The specificity of the interaction may be investigated by competition experiments in which typically 10-or 100-fold excess unlabelled probe is added, which, in the case of a specific competitor probe, results in progressively less radiolabelled probe bound by the transcription factor protein.
length, which match the SNP in the two allelic forms. These are radiolabelled and used as bait to which transcription factors may potentially bind, retarding the migration of the radiolabelled DNA when these are electrophoresed through a gel (Figure 2a) . Entry of free DNA and DNA-protein complexes into the gel matrix by electrophoresis results in physical separation ; in general, the larger the protein bound, the greater the retardation of mobility within the gel. Stability is enhanced by low salt conditions in the gel and a cage effect created by the gel matrix. Non-specific interactions are minimized by adding synthetic co-polymers such as poly(dI-dC)-(dI-dC) [15] . Preliminary experiments may involve use of a crude nuclear extract prepared from an appropriate cell line under stimulation conditions of interest, based, for example, on the putative cell type in which the SNP may be exerting an effect. In the case of SNPs in the TNF gene, for example, macrophages are known to be a major source of TNF production in the course of infection and may be an appropriate cell type to study. It is important to be aware that interactions observed in preliminary experiments may not be specific and this can be resolved by competition experiments, as outlined in Figure 2 (b). Increasing amounts of unlabelled competitor to DNA probe are added to a fixed amount of labelled DNA probe. Excess unlabelled competitor probe identical with the labelled probe should abolish the complexes observed from the now relatively small proportion of labelled probe in the reaction. In contrast, if the unlabelled competitor probe does not contain a high-affinity site for the protein it will not affect the protein-DNA interaction. Further information can also be obtained using antibodies to specific candidate transcription factors. Binding of antibodies to the DNA-binding protein results in slower mobility through the gel, ' supershifting ' the complex : indeed, the complex may disappear if the antibody binds to a domain of the transcription factor that is required for DNA binding. Binding affinities can also be investigated in more detail in titration experiments with either crude nuclear extract or recombinant protein. For example, clear differential binding affinity was observed for NF-κB family members with the TNF promoter SNP at k863 nt which lies in an NF-κB-binding site [7] . It is important to remember, however, that EMSA experiments can provide information that a change in the DNA sequence due to the SNP has the capacity in vitro to affect protein-DNA interactions, but not that these are actually occurring in vivo.
The EMSA technique has been applied to the functional characterization of many SNPs. A number of important host genetic determinants of susceptibility to malaria infection have been identified, including possession of the Duffy blood group antigen, which functions both as a chemokine receptor and as a receptor for erythrocyte invasion by Plasmodium vivax malarial parasites [16, 17] . In the absence of the Duffy antigen, erythrocytes are resistant to invasion by malarial parasites. This phenotype, designated Duffy negative, occurs because the DARC gene (encoding Duffy antigen receptor for chemokines) is not transcribed in erythrocytes. However, in these individuals, Duffy mRNA and antigen are expressed in non-erythroid tissues. The molecular basis for this was elucidated by analysis of regulation of the DARC gene. In Duffy-negative individuals, a T C SNP in the DARC promoter region results in erythroidspecific repression of gene expression [5] . EMSA experiments demonstrated that this occurs because the polymorphism abolishes the binding of the erythroidspecific transcription factor GATA-1, which was associated with a 20-fold reduction in gene expression.
A limitation of the EMSA technique is that the region of DNA of interest must be known and that the length of probe used is short (typically 20-30 nucleotides) to allow good resolution on the gel. This does not allow for cooperation between sites that may be required for binding and, if the binding site is unknown, it is not an efficient screening method. The technique of DNA footprinting offers considerable advantages in this respect as it can be used to generate a map of sites of protein-DNA interaction occurring in a region, including novel sites of interaction. In a region containing several SNPs, this therefore allows the investigator to identify SNPs lying in or near sites of protein-DNA interaction which merit further investigation. DNA footprinting (or protection mapping) is based on cleavage of a DNA sequence with either a chemical reagent or an enzyme. The DNA region of interest, which may be several hundred nucleotides in length, is synthesized as an oligoduplex probe and radiolabelled at one end. Careful titration ensures that Radiolabelled DNA probes are digested with DNaseI in the absence or presence of proteins ; protein binding to DNA is seen as a region of protection in the ladder of DNA fragments. In this example, increasing amounts of crude nuclear extract are added to the radiolabelled DNA probe prior to addition of enzyme. Regions of protection (' footprints ') are denoted schematically to the right of the gel.
each molecule of the DNA is cleaved on average only once at a random site, resulting in a ladder of DNA fragments of varying size when subjected to denaturing PAGE ( Figure 3 ). Each band in the DNA ladder is representative of a specific nucleotide where the cleavage agent has cut the labelled strand of DNA, and can be localized by concomitantly running a Maxam-Gilbert sequencing reaction of the same DNA probe alongside the cleavage products. In the presence of protein forming a binding complex with the DNA, the nucleotides to which the protein is bound will be protected from cleavage. This produces a gap or ' footprint ' in the ladder of labelled DNA fragments on electrophoresis, allowing Functional implications of genetic variation in non-coding DNA specific localization of the site of protein-DNA interaction.
DNaseI footprinting [18] uses DNaseI as the cleavage agent of the DNA molecules. This enzyme does not completely cleave the DNA duplex, but rather will randomly cut only one strand of the DNA. DNaseI binds to the minor groove of the DNA and cuts the phosphodiester backbone of each strand independently [19] . On binding by proteins, the DNA is protected from hydrolysis catalysed by DNaseI, producing the characteristic footprint. In addition, structural changes may make nucleotides adjacent to the bound region more vulnerable to digestion, appearing more intensely on the autoradiograph as ' hypersensitive ' sites. The footprinting technique allows for the detection of multiple binding sites on the DNA fragment. Probes need to have high specific activity, and protein concentrations must be high enough to saturate binding to the DNA in order to ensure that potential ' footprint ' areas are not masked by unbound digested fragments. Careful titration of DNaseI concentration and exposure time is required to ensure one nick occurs per molecule of DNA probe to try to ensure an even ladder. Unfortunately, preferential sites of cleavage by DNaseI mean the ladder tends to be uneven, but differences between protein-protected and naked DNA ladders are usually clear. The size of the DNaseI enzyme limits the resolution of the footprints. These may be defined further using other reagents, such as exonuclease III, while the individual nucleotides involved in binding can also be assessed by methylation interference footprinting.
Functional assays of transcriptional activity
The most commonly used assay to investigate the functional effects of SNPs on gene expression is transient transfection. This approach involves constructing a plasmid in which the putative regulatory region spanning the position of the SNP(s) from the gene of interest is linked to the coding sequence for an unrelated reporter gene [20] (Figure 4) . For the purpose of comparing SNPs occurring in a gene promoter region, for example, the promoter fragment can be placed directly upstream of the reporter gene in a plasmid vector lacking endogenous promoter activity and then constructs with the two allelic forms of the SNP are compared. Following transfer into cells, measurement of the reporter gene product gives an indirect estimate of the induction in gene expression directed by the regulatory sequences. A range of reporter genes are available and generally aim to (i) produce a protein normally absent from the host cell ; (ii) be quantifiable in a simple, rapid, reproducible and sensitive assay with a broad linear range ; and (iii) not alter the physiology of the recipient cells. The major limitation of transient transfection assays is that, within a transfected cell, the plasmid DNA exists in a highly artificial configuration with variable copy number that can profoundly influence results, leading, for example, to inactivity or dysregulation of regulatory elements [21] .
A variety of techniques can be employed to introduce (' transfect ') the DNA into cells. Careful optimization is required as every mammalian cell type has a characteristic set of requirements for introduction of foreign DNA. Divalent cations, such as calcium and magnesium, were initially found to promote uptake of DNA into bacteria and this led to the development of the technique of calcium phosphate transfection [22, 23] . A second chemical method, DEAE-dextran transfection [24, 25] , is simpler to perform and more reproducible than calcium phosphate-mediated transfection, although it is not suitable for production of stably transfected cell lines, and DEAE-dextran can be directly toxic to cells. The coupling of a positively charged chemical group DEAE (diethylaminoethyl) to an inert carbohydrate polymer (dextran) results in sticking of co-incubated DNA via its negatively charged phosphate groups to cell surfaces, from where they may be taken into cells by endocytosis. In some cell types, transfection may be enhanced by a glycerol or DMSO shock after the cells are exposed to DNA-DEAE-dextran complexes [26] . Other methods available for introducing DNA into cells include electroporation in which cells in solution with DNA are subjected to a brief electrical pulse that causes pores to transiently open in their membranes, allowing DNA to diffuse into the cells [27] . Liposomes can also be used to mediate transfection with DNA incorporated into artificial lipid vesicles that fuse with the cell membrane [28] . Only very rarely will DNA transferred into a cell nucleus be stably incorporated into the genome of the transfected cell (1 in 10$-10' cells) [29] . However, many more cells, up to 50 %, will take up DNA on transfection but fail to integrate it, with DNA persisting for several days in the nucleus and being subject to the regulatory machinery that controls expression of endogenous genes. This transient expression allows assays of regulatory elements when these are incorporated in the transfected DNA reporter gene construct.
Quantification of the reporter gene protein by enzymic or immunological means allows an indirect estimate of the transcriptional activity of the reporter vector encoding the protein. One of the earliest assays was based on the bacterial gene CAT encoding the enzyme chloramphenicol acetyl transferase [30] . The CAT gene is derived from transposon 9 of Escherichia coli and catalyses the transfer of the acetyl group from acetylCoA to the substrate chloramphenicol. Enzymic activity can be quantified on the basis of acetylated chloramphenicol ; for example, by following the conversion of ["%C] chloramphenicol into its acetyl derivatives using TLC on silica gels by autoradiography or by organic extraction and scintillation counting, or by non-radioactive methods such as ELISA. The CAT reporter protein is stable and not found in eukaryotes, but assays are typically timeconsuming with relatively low sensitivity and a narrow linear range. Among more recently developed reporter gene assays, a highly sensitive rapid method measures the enzyme luciferase and is based on the oxidation of beetle luciferin with production of photons of light, which are quantified using a luminometer over a broad linear range [31] .
Transient transfection assays provide valuable information regarding potential modulation of gene expression by DNA sequence variation resulting from SNPs. However, it must be appreciated that they represent an in vitro technique in which a naked DNA sequence is assayed in the absence of what may be its normal transcriptional machinery and of regulatory elements, such as enhancers, which may be a significant distance from the promoter itself. Assays often show a high degree of variability, a major cause of which is variation in transfection efficiency [32] . Co-transfection of a control reporter gene vector can be used to normalize for transfection efficiency within or between transfection experiments. The control reporter gene vector has a different gene product from the vector containing the DNA of interest and is typically driven by a strong constitutive promoter. The choice of which portions of the naturally occurring regulatory regions of the gene locus, within which the polymorphism is found, to include in the reporter gene may profoundly influence results. For example, inclusion of the TNF 3h-untranslated region (' UTR ') appears to significantly influence observed results for the TNF −$!) SNP [33] . Similarly, inclusion of other SNPs in the reporter construct may be important, as any functional effect of an SNP may also be dependent on its naturally occurring haplotype of associated polymorphisms. Results of transient transfection assays have also been found to be highly context specific with respect to the choice of cell type to transfect, the stimulus used for induction of gene expression, the mode and efficiency of transfection and the DNA plasmid design and preparation. These differences in experimental design may have significant consequences for data interpretation and underlie much of the apparent controversy in the literature concerning the effects of a given SNP on transcription.
Stable transfection offers some solutions to the problems encountered with transient transfection assays. Here, the plasmid containing the reporter gene with the DNA region of interest is stably incorporated into the genome, with selection of cells in which this has occurred based, for example, on a drug-resistance gene present within the same plasmid. Incorporation into the genome offers significant advantages in that this is a more natural chromatin environment and copy number, but the approach is more technically demanding and takes several weeks to complete, because of the requirement for drug selection and cell expansion. An important consideration is that the transcriptional activity of the DNA sequence of interest will be significantly influenced by the accessibility of the site into which it has integrated, for example, in terms of chromatin configuration. This requires analysis of multiple clones and may well exclude its usefulness for most SNPs in which a modest difference in expression for the two alleles is predicted, as clone-toclone variation is likely to be greater than 2-to 3-fold [9] .
An alternative approach to transfection assays is to use a cell-free system to perform in vitro transcription [34] . This approach is of significant value in the detailed biochemical characterization of a regulatory element and may be most appropriate when a hypothesis exists as to the likely mechanism of action of an SNP, for example, in terms of recruitment of a specific transcription factor in the presence of a particular DNA base change. Early assays utilized a naked DNA template but, if practicable, it may be most appropriate to recreate a chromatin template to more fully replicate events occurring in vivo with this reconstituted system. Even in this situation, specific regulatory proteins may not be fully active in an in vitro assay of this type, because of their low concentration and absence of cofactors essential for their function.
In vivo assays to determine function
One approach to defining the functional significance of SNPs would be to take cells from individuals of differing genotype and correlate this with phenotype, for example, TNF promoter genotype with levels of TNF protein secreted by peripheral blood mononuclear cells following induction. This type of experiment is, however, potentially confounded at many levels. Individuals may differ at a particular SNP of interest, but may be polymorphic at other positions in the region, confounding the interpretation of the results. Comparison between individuals should ideally be based on knowledge of the underlying haplotypes, so that meaningful interpretations can be made. Any observed variation between individuals for a given phenotype may also arise from Functional implications of genetic variation in non-coding DNA
Figure 5 TNF promoter region
The 1.2 kb TNF promoter region is highly polymorphic and subject to interaction with multiple regulatory proteins which, in turn, recruit cofactors and RNA polymerase II (RNAP II). Accessibility of the region is dependent on chromatin configuration and, for illustration, a nucleosome is shown in the distal region around which the DNA is coiled. A cluster of SNPs found in the distal TNF promoter is also shown.
multiple environmental and genetic factors other than the genotype under study, which may potentially confound results. Transcribed SNPs offer the opportunity to compare within cells from an individual heterozygous for a given SNP the relative abundance of mRNA originating from the two alleles discriminated by the SNP using allele-specific reverse transcription-PCR. Unfortunately, this approach is confined to SNPs occurring in exonic regions, which limits its applicability.
Research in the field of gene regulation has yielded several novel in vivo approaches which may aid characterization of SNPs in vivo, but which are, at this time, technically challenging. One approach is to perform genomic DNA footprinting in order to visualize sites of protein-DNA interaction occurring in living cells [35, 36] . Dimethyl sulphate (' DMS ') is a chemical which rapidly enters cells, modifying exposed guanine residues in DNA which are then susceptible to cleavage with piperidine. In the presence of a DNA-binding protein, DNA is protected from modification and subsequent cleavage, resulting in a footprint in the ladder of DNA fragments. The challenge is how to visualize this as, at a genomic level, the amounts of DNA involved are very small and the cut fragments not amenable to conventional PCR. The technique of ligation-mediated PCR has been successfully employed, ligating a linker oligonucleotide to enable amplification. The results of such genomic footprinting are extremely valuable as an in vivo record of protein-DNA interactions actually occurring, but are typically not clear-cut and have yet to be successfully employed in characterization of SNPs to demonstrate an allele-specific difference. In vivo protein-DNA interactions could also be potentially investigated based on knowledge of the probable proteins involved using chromatin immunoprecipitation [37] . In this situation, specific antibodies would be used to immunoprecipitate chromatin to which proteins have been previously crosslinked in vivo using a reagent such as formaldehyde ; levels of occupancy at a specific gene can then be assessed using gene-specific primers to amplify the immunoprecipitated DNA.
A strategic approach : functional analysis of a TNF polymorphism
A variety of experimental methodologies can be adopted to investigate the functional significance of SNPs. The TNF promoter region is typical of many such regulatory regions of DNA in that it contains multiple transcription factor-binding sites with highly context-specific regulation such that particular elements are more important in certain cell types and in response to specific stimuli. The majority of the transcription factor-binding sites lie in the first 200 nucleotides upstream of the transcriptional start site, whereas the majority of SNPs lie more distally ( Figure 5 ). As part of an investigation of genetic determinants of susceptibility to severe malaria, TNF has been investigated as a candidate gene based on a priori knowledge of its role in disease pathogenesis. In order to identify potentially functional SNPs, the initial strategy was to map out potential sites of protein-DNA interactions in this highly polymorphic region using in vitro DNA footprinting in a human macrophage cell line. This revealed a novel region of protein-DNA interactions spanning a G A SNP at k376 nt relative to the transcriptional start site (TNF −$(' ) [6] . In the presence of the adenine substitution, an additional complex was seen on EMSA which was present constitutively. Further characterization, including using UV crosslinking to determine the molecular mass of the complex, led to the identification of the protein as Oct-1, a member of the Oct family of transcription factors.
This provided evidence of allele-specific recruitment of a transcription factor to a novel region of complex protein-DNA interactions in the TNF promoter. Reporter gene analysis in the same macrophage cell lines demonstrated that the G A polymorphism at TNF −$(' resulted in a modest increase in level of gene expression, either in isolation or as part of its naturally occurring haplotype with the G A SNP at k238 nt. With experimental evidence of functional modulation of transcriptional regulation, two independent case-control studies in The Gambia and Kenya were used to first generate and then confirm the hypothesis that possession of TNF −$(' was associated with increased susceptibility to cerebral malaria [6] . In a large case-control study from The Gambia, multiple logistic regression analysis of cerebral malaria cases versus controls demonstrated an odds ratio of 4.3 (95 % confidence intervals 1.5-12.8) for TNF −$('A after inclusion of potentially predictive variables, such as ethnicity, other TNF polymorphisms and linked HLA types. A similar result was observed in Kenya, where TNF −$('A as a predictive variable for cerebral malaria cases versus controls was associated with an odds ratio of 4.6 (95 % confidence intervals 1.3-15.7). Further characterization is required using in vivo approaches, such as genomic footprinting and chromatin immunoprecipitation, to determine if the postulated mechanism of allele-specific recruitment of Oct-1 is actually occurring in living cells.
FUTURE PROSPECTS
The role of host genetics in determining susceptibility to complex disease traits is the subject of much active investigation across the field of clinical medicine. The completion of the genome project, combined with ongoing large-scale SNP identification projects, will ensure a huge number of genetic markers for both genome-wide genetic association studies and for fine mapping of disease susceptibility loci. High-throughput genotyping utilizing the most informative markers based on knowledge of haplotypic structure will facilitate a logical approach to this, but the scale of research effort required in terms of the numbers of markers and study population sizes remains daunting. A clearer understanding of the functional significance of SNPs stands to significantly benefit this work, both by potentially defining which SNPs are of most value to include in such studies as candidates and in the interpretation of results. Any genetic susceptibility study has as its premise that the genetic variation functionally affects disease outcome ; the challenge is how to resolve this. As has been discussed, a variety of in vitro techniques are available which can provide important clues as to potential mechanisms of action. Equally clear, however, is the problem that such assays may not reflect what is actually occurring in vivo. The field of transcriptional regulation research is showing us that DNA exists in a highly dynamic environment within which multiple complex regulatory mechanisms are operating. Although this insight represents a significant challenge to our attempts to define the functional significance of genetic polymorphism, it also offers an opportunity, as studying the effects of an SNP in vivo represents a naturally constructed experiment that may in the future yield profound insights into transcriptional regulation.
